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Abstract 16 
An experimental investigation is presented of the effects of wind speed (0 - 9 m/s), yaw angle 17 
(0° and 90°), and tilt angle (15° and -90°) on the mixed convective heat losses from a cylindrical 18 
cavity heated with different internal wall temperature distributions. The internal wall 19 
comprised 16 individually controlled heating elements to allow the distribution of the surface 20 
temperature to be well controlled, while the air flow was controlled with a wind tunnel. It is 21 
found that temperature distribution has a strong influence on the convective heat losses, with a 22 
joint dependence on the wind speed and its direction. For the no-wind and side-on wind 23 
conditions, the measured range of the heat losses varied by up to 50% with a change in the wall 24 
temperature distribution. However, for high head-on wind speeds, this variation reduced down 25 
to ~20%. In addition, the heat losses from downward tilted were ~3 times larger than the 26 
upward facing heated cavity for high wind speeds (typical of tower-mounted and beam-down 27 
configurations, respectively). Also, the measured heat losses were found to be only slightly 28 
dependent on wind speed and direction in contrast with the downward tilted cases.  29 
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Symbols    
A Area (m2) 𝑉 Wind speed (m/s) 
𝛽 
Coefficient of  
thermal expansion (°C-1) 
𝑣 
Kinematic viscosity of air at 
reference temperature 
kg/(s.m) 
𝐷 Diameter (m) 𝛼 
Yaw angle or incoming wind 
direction (°) 
𝜀 
Emissivity coefficient of the internal 
wall surface 
𝜑 Tilt angle of the cavity (°) 
𝑔 Gravity (m/s2)   
𝐺𝑟 







Convective heat transfer coefficient 
through the aperture (W/(m2K)) 
a Ambient 
𝑘 
Thermal conductivity of air at reference 
temperature (W/(m. K)) 
as Aspect 
𝐿 Length (m) ap Aperture 
𝑁𝑢 





𝑄 Heat loss (W) conv Convection 
𝑅 Ratio rad Radiation 
𝑅𝑒 


















1 Introduction 34 
Despite the development of Concentrated Solar Thermal technologies has progressed, the 35 
understanding of the influence of wall temperature distribution and wind speed on the heat 36 
losses from a heated cavity remains limited. Over the last three decades, resulting in a marked 37 
increase in their deployment for power generation and in the development of novel approaches 38 
to utilise thermal energy for industrial processes (ASTRI 2017; Chinnici, A et al. 2016; 39 
Chinnici, Alfonso et al. 2015; Chinnici, A, Nathan & Dally 2018a, 2018b; Kolb et al. 2011; 40 
Philibert 2010; Tanaka 2010). The highly concentrated solar radiation, from a solar field, is 41 
collected by a solar receiver, which uses a heat transfer medium to efficiently absorb the 42 
radiation. Pre-commercial solar cavity receivers have been operated at temperatures on the 43 
order of 1000 °C during short-term trials, which offers potential to achieve higher thermal 44 
efficiency than is presently possible (Ávila-Marín, 2011; IEA-ETSAP and IRENA, 2013; 45 
Lovegrove et al., 2012; Price, 2003; Segal and Epstein, 2003; Steinfeld and Schubnell, 1993). 46 
However, these temperatures result in a significant increase in the heat losses (radiative and 47 
convective) from the receiver relative to commercial systems. However, while it is desirable to 48 
identify ways to decrease these losses, this is difficult to do because the underlying mechanisms 49 
controlling them are still not well understood, especially it has been difficult to generalize the 50 
findings of mix convection. Therefore, further research is required to deepen the understanding 51 
of the mechanisms influencing heat losses in solar receivers and, in particular, in solar cavity 52 
receivers. More specifically, new measurements are needed of the influence of the controlling 53 
parameters of receiver geometry (cavity aspect ratio, aperture ratio), wind speed and direction 54 
(yaw angle), cavity orientation (tilt angle), operating temperature, and wall temperature 55 
distribution. The overall objective is to meet this need. 56 
A detailed review of previous experimental and numerical studies of the influence of these 57 
parameters on the heat losses from solar cavity receivers was reported by Ho and Iverson 58 
(2014) and Wu et al. (2010). The updated review,  the relation to the present and the comparison 59 
between the experimental method use in different studies have been presented in the earlier 60 
study from our group by Lee et al. (2018a), hence only some important reviews are highlighted 61 
in the present study. The studies by Ho and Iverson (2014), Wu et al. (2010) and Lee et al. 62 
(2018a) highlighted the role of wind speed and its direction and their strong influence on the 63 
mixed, natural and forced convective heat losses from a cavity receiver (Mokhtar, Marwan et 64 
al. 2014); (Clausing 1983; Flesch et al. 2015; Ho & Iverson 2014; Lee et al. 2018a; Ma 1993; 65 
Taumoefolau et al. 2004; Wu et al. 2015). They also highlighted the strong coupling between 66 
the heat losses and the geometrical features of the receiver, namely aperture and aspect ratios 67 
(Ho & Iverson 2014; Lee et al. 2018b; Wu et al. 2010). In our previous work (Lee et al. 2018a, 68 
2018b), we have systematically assessed the influence of wind speed, yaw angle, aperture ratio, 69 
tilt angle and cavity temperature on the convective heat losses from a heated cavity facing 70 
downward, for the case of a uniform temperature distribution over the surface of the cavity. 71 
These recent data provide further insights into the complex heat loss phenomenon from cavity 72 
receivers while also confirming trends from earlier works. However, the majority of presently 73 
available data, under well-defined conditions, only consider solar cavity receivers with a 74 
uniform wall temperature distribution. Although this approach simplifies the validation of 75 
engineering models, in reality, solar receivers are generally characterised by a varied heat flux 76 
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along the walls of the cavity at different times of the day. Therefore, there is a need to better 77 
understand the influence of wall temperature distribution on the heat losses for a range of 78 
conditions of relevance to operation. Hence, the overall objective of the present investigation 79 
is to assess the effects of the joint dependencies between temperature distribution and wind 80 
speed on the heat losses through the aperture of a heated cavity receiver. 81 
Understanding of the convective heat losses from cavity receivers has been advanced by the 82 
numerical studies, some of which have investigated the influence of the temperature 83 
distribution (uniform and non-uniform) on the radiation heat losses (Asselineau, Abbassi & 84 
Pye 2014; Gil et al. 2015; Sánchez-González, Rodríguez-Sánchez & Santana 2016; Steinfeld 85 
& Schubnell 1993). However, the absolute validity of these assessments is not yet known 86 
because no data has previously been available with which to validate them (Flesch et al. 2014; 87 
Hu et al. 2017; Lee et al. 2017; Paitoonsurikarn & Lovegrove 2003; Paitoonsurikarn, S & 88 
Lovegrove 2002; Paitoonsurikarn, Sawat et al. 2011; Wu, Xiao & Li 2011; Xiao, Wu & Li 89 
2012). Furthermore, most previous numerical analyses on convective heat losses have been 90 
performed for a uniform wall temperature distribution, probably largely due to a lack of 91 
experimental data for model validation (Ho & Iverson 2014; Stalin Maria Jebamalai 2016). 92 
Therefore, the present investigation also aims to provide an experimental dataset of convective 93 
heat losses from a cavity receiver with uniform and non-uniform temperature distribution, 94 
under controlled conditions, to advance the development of the numerical tools needed for 95 
optimisation and scale-up. 96 
Advancing understanding requires spanning a range of conditions, including orientation due to 97 
the dependence of natural convection on orientation. In addition, despite its lower popularity 98 
relative to the tower-mounted receiver due to disadvantages of an extra surface and anticipated 99 
higher cost (Kolb et al. 2011; Li, Dai & Wang 2015), the beam-down cavity solar receivers 100 
have continued to receive interest due to some (at least partly) compensating advantages. These 101 
include a lower wind speed and higher functionality (Leonardi 2012; Mokhtar, M 2011; Segal 102 
& Epstein 2008; Wei et al. 2013). Recent studies, utilising new solar field design have also 103 
reported good performance for beam-down applications (Li, Dai & Wang 2015; Mokhtar, 104 
Marwan et al. 2014). One of the perceived disadvantages of the beam-down configuration is 105 
the perceived high natural convective heat loss due to buoyancy (Holman 1997). On the other 106 
hand, a beam-up configuration offers the advantages of a beam down without the disadvantages 107 
of the secondary reflector, but at the additional cost of a taller tower. Hence all are worthy of 108 
further consideration. However, no experimental measurements are available that directly 109 
compare the convective heat losses from an upward facing heated cavity a downward facing 110 
cavity or a downward tilted heated cavity. For these reasons, we also aim to compare the effect 111 
of wind on the heat losses from a downward tilted and an upward facing receiver.  112 
In light of the aforementioned gaps, the key aim of the present investigation is to provide direct 113 
measurements of the influence of temperature distribution, tilt angle and wind speed on the 114 
mixed convective heat losses from a solar cavity receiver. In particular, the research aims to 115 
investigate; i) the effects of the temperature distribution on the convective heat losses as a 116 
function of wind speed and direction; ii) the convective heat losses for an upward facing cavity 117 
and a downward tilted one (15°) and its effect on the cavity’s thermal performance. This 118 
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investigation is the first experimental study for the effect of temperature distribution on the 119 
convective heat losses from a heated cavity. In this study, the effects of wind speed and cavity 120 
direction on the heat losses are also presented for various temperature distribution. This is also 121 
the first experimental study to investigate and compare the heat losses from the cavity receivers 122 
between 2 concentred solar technologies. The first experimental data for the convective heat 123 
losses from a solar cavity receiver with various temperature distribution can be used for 124 
numerical model validation, which simulate a cavity receiver heated by various solar flux 125 
distribution. This is much more realise realistic than a cavity which assume uniform 126 
temperature for the entire internal surface. The validated numerical model can be used to 127 
develop a new solar cavity design for the concentrated solar system. The general finding about 128 
heat loss from heated cavity from this work can also be applied to other engineering 129 
applications. 130 
2 Methodology 131 
The details of the experimental arrangement used in the study have been published previously 132 
by Lee et al. (2018a) so that only a brief overview is shown here. The experimental arrangement 133 
has also been reported previously so that it reproduced in the supplement here (Figure S1). A 134 
cavity was electrically heated and located within the open section of the University of 135 
Adelaide’s wind tunnel to generate negligible blockage. The external dimensions of the cavity 136 
have a maximum projected area (~0.249 m2) of ~4.1% of the wind tunnel, which has a cross-137 
sectional dimension of area 2.75 m × 2.19 m. This is approximately 330 times larger than the 138 
projected area of the aperture, which is approximately 0.018 m2). Air was used as the working 139 
fluid and the velocity in the tunnel was measured using a multi-hole pressure probe from the 140 
Turbulent Flow Instrumentation. K-type thermocouples are used to measure the temperature 141 
and recorded by Datataker DT85. The temperatures were feedback controlled using Matlab and 142 
Simulink. The power of the heaters are controlled by the output from the Simulink to the 143 
Arduino, then a DMX lighting system power controllers. Additional details of the 144 
instrumentation used in this work can be found in one of our previous works (Lee et al. 2018). 145 
Figure S1b presents the key dimensions of the cavity, which has an inner diameter 𝐷𝑐𝑎𝑣  =146 
0.3𝑚. The details of the method of recording the power and its errors are reported by Lee et al. 147 
(2018a). 148 
The influence temperature distribution on the heat losses was assessed systematically. The 149 
tested conditions are shown in Table 1. This leads to a total of 112 combinations of wind speed, 150 
tilt angle, yaw angle and temperature distribution. In particular, 56 combinations for the case 151 
with the open aperture (to measure the convective and radiative heat losses), and 56 cases for 152 
the aperture closed (to measure the heat loss through the walls). The data was recorded for each 153 
heaters every time steps. However, to reduce the number of data, only the total steady state 154 
power from each condition is presented in here. The powers required for each heater to maintain 155 
the set point temperature are summed to be the total heat loss from the system for that condition. 156 
Each condition required between 20 to 60 minutes to reach a steady state condition. Here, 157 
‘steady-state condition’ is intended when the following conditions are satisfied for 300 158 
seconds: 1) the variation of each measured temperature is below ±0.5°C; and 2) the variation 159 
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of total heat loss is less than ±5% of the total power required for that condition if the total heat 160 
loss is above 2kW or ±100W if the power is below 2kW. The mean total heat losses from the 161 
system at the steady state condition are used for this investigation.  162 
Normalised heat loss for the no wind case 𝑄/𝑄𝑉=0 was used to characterise the effect of wind 163 
on the heat loss through the aperture. This is defined as the total heat loss through the aperture 164 
relative to that for the no wind condition for various temperature distribution, as shown in Table 165 
1 and Table 2. The total heat losses through the aperture for no wind condition is the 166 
combination of convective and radiative heat loss at zero wind speed.  167 
Another normalised heat loss for the uniform temperature case 𝑄/𝑄𝑇=𝑢𝑛𝑖𝑓𝑜𝑟𝑚 was used to 168 
assess the effect of temperature distribution on the heat loss through the aperture. 169 
𝑄/𝑄𝑇=𝑢𝑛𝑖𝑓𝑜𝑟𝑚 is defined as the total heat losses through the aperture over the total heat losses 170 
through the aperture for the 300°C uniform temperature case for various wind speeds. These 171 
were performed with the average temperature of the cavity was kept constant at 300°C. Notice 172 
this, the temperatures of the heated cavity in this study are lower than the real commercial 173 
receivers. However, this study focus on the temperature distribution more than the absolute 174 
temperature. Grashof number and Richardson number should also be used to generalise the 175 
result to assess the result for other temperature and receiver size. These two non-dimensional 176 
numbers are shown to work well for varying temperature (Lee et al. 2018a), but it should be 177 
carefully validated before they are applied to a case which has different conditions. 178 
The air properties, such as thermal expansion, density and kinematic viscosity, were calculated 179 







. ( 1) 
Here 𝑇𝑤 is the internal wall temperature and 𝑇𝑎 is the ambient temperature. 181 
The main uncertainties in the instrumentation/ uncertainty term and measured data are 182 
summarised in Table 3 (in the Supplement section), the details are reported by Lee et al. 183 
(2018a). The maximum uncertainty of the power output from each heater is ±25W (~3.1% of 184 
its maximum power), which includes that from the power and temperature measurement 185 
(±0.5°C) and their effect on the feedback control system. Although the total maximum 186 
uncertainty is ~± 400W (± 3.1% of the maximum power), the average error should be much 187 
less than ± 3.1% of the maximum power. This is because the random error is reduced by using 188 
the 16 results from the heaters (
√16×±252
16×800
~ ± 0.8% ). In addition, the uncertainty of the 189 
incoming wind speed is estimated to be ±0.2m/s. 190 
Table 1: List of experimental conditions 191 
Velocity V 
(m/s) 
























0,3,6 and 9 90 15 4 various distributions 1.5 
0.0 and 
0.5 
0,3,6 and 9 0 -90 3 various distributions 1.5 
0.0 and 
0.5 
0 0 90 100, 200, 300 and 400 1.5 
0.0 and 
0.5 
0 0 15 100, 200, 300 and 400 1.5 
0.0 and 
0.5 






The list of set point temperature for each heater position for various temperature distribution is given in Table 2, while the position can be found 193 
in the supplement Figure S2. The temperatures were firstly estimated analytically as a starting point, then the final set point temperatures were 194 
chosen based on trial and error in the experiment. This is because it is very complex to analytically estimate the temperature for various temperature 195 
distribution and wind conditions. In this study, the range of temperatures is designed to be as wide as possible with the limitation of keeping the 196 
maximum variation of the average temperature to be ±10°𝐶 for the various wind conditions. Although the maximum variation of the average 197 
temperature was set at ±10°𝐶, 90% of the cases are less than ±5°𝐶 and 80% of the cases are less than ±3°𝐶. The 10, 5 and 3 °𝐶 of error will give 198 
a maximum of 3.7%, 1.9% and 1.1% of error in power respectively. The cases with the large temperature difference are the cases with low wind 199 
speed and the hotter position away from the aperture. This is because the heat transfer between the hot air near the back of the cavity and ambient 200 
air is very low for the low wind speed condition.  201 
Table 2 list of setpoint temperature of each heater position for various conditions 202 
Temperature of the 
internal walls (°C) 
Wall position 
Temperature distribution TA TB TC TD TE TF BA BB BC BD BE BF EA EB EC ED Average 
Head-on 
𝛼 = 0° 
𝜑 = 15° 
Uniform 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 
Upper hotter 340 350 360 375 390 400 260 250 240 225 210 200 300 300 300 300 300 
Lower hotter 260 250 240 225 210 200 340 350 360 375 390 400 300 300 300 300 300 
Front hotter 275 250 250 300 350 400 250 225 250 300 350 400 300 300 300 300 300 
Rear hotter 350 400 325 275 250 225 350 400 325 275 225 200 300 300 300 300 300 
Side-on 
𝛼 = 90° 
𝜑 = 15° 
Uniform 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 
Upper hotter 340 350 360 375 390 400 260 250 240 225 210 200 300 300 300 300 300 
Front hotter 275 250 250 300 350 400 250 225 250 300 350 400 300 300 300 300 300 
Rear hotter 350 400 325 275 250 225 350 400 325 275 225 200 300 300 300 300 300 
Beam-down 
𝛼 = 𝑁/𝐴 
𝜑 = −90° 
Uniform 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 
Front /near 
aperture hotter 
250 250 250 300 350 400 250 250 250 300 350 400 300 300 300 300 300 
Rear /near back 
wall hotter 




3 Results and discussion 204 
3.1 Head-on wind 205 
The effect of wind speed in the head-on direction, together with that of wall temperature 206 
distribution on the convective heat losses through the aperture of a heated cavity is presented 207 
in Figure 1. For low wind speed conditions (𝑅𝑖 < 4.8, 𝑉 < 3m/s), the cases featuring the 208 
‘lower section hotter’ and ‘front section hotter’, have a higher convective heat loss than the 209 
other cases, including that of the uniform distribution. The higher losses of the ‘lower section 210 
hotter’ case, can be deduced to be associated with the added role of natural convection, that is 211 
of buoyancy. The higher loss from the ‘front section hotter’ case suggest that close the 212 
proximity of the hotter part of the wall to the aperture facilitates increased egress of the hot air 213 
than for the reference case. Similarly, for high wind speed condition (𝑅𝑖 > 19, 𝑉 > 6m/s), the 214 
‘front section hotter’ case has the highest measured value of the convective heat loss among all 215 
the cases investigated. On the other hand, the ‘lower section hotter’ case features the lowest 216 
convective heat loss for high wind speeds. This suggests that a greater fraction of the power 217 
lost from the lower section is transferred under these conditions to maintain the temperature of 218 
the upper and rear sections. Further evidence for this can be found from our previous study 219 
(Lee et al. 2017), which identified a strong flow recirculation transporting the hot air from the 220 
lower section toward the rear and the upper section before it leaves the cavity. This flow pattern 221 
reduces that heat lost from the other surfaces, and hence the power required to maintain the set 222 
point temperature of the lower temperature surface. Therefore, the qualitative trends from the 223 
CFD (Lee et al. 2017) are consistent with the measured trend that the ‘lower section hotter’ 224 
case has the lowest convective heat loss behaviour of the cases assessed here for high wind 225 
speed condition.  226 
The dependence of the convective heat losses, normalised by the case for no wind on wind 227 
speed is presented in Figure 2 for the same conditions as those reported in Figure 1. It can be 228 
seen that varying the wall temperature distribution causes up to 50% change in the total natural 229 
convection. The ‘upper section hotter’ case has the lowest convective heat loss where natural 230 
convection dominates. For 𝑉 > 3 m/s, the heat transfer moves to the mixed convection regime 231 
which greatly reduces this range to < 20%. Consistent with this trend, the ‘lower section hotter’ 232 
case has the highest loss for the lower wind speed case and lowest loss for high wind speed. 233 
However, the ‘upper section hotter’ case has the lowest average convective heat loss in the 234 
range of wind speeds investigated. For the cases with 𝑉 > 6 m/s the heat loss plateaus and 235 
tends to become independent of the temperature distribution, which also implies that it tends 236 
toward that of the uniform temperature distribution case. That is, the shape of the temperature 237 





Figure 1 Dependence of the heat losses through the aperture on wind speed for a series of wall temperature 241 
distributions. Conditions: tilt angle of 15°, yaw angle of 0°, aperture ratio of 0.5 and aspect ratio of 1.5. 242 
 243 
Figure 2 Dependence of the normalised heat losses through the aperture in wind speed for a series of wall temperature 244 
distributions. Conditions: tilt angle of 15°, yaw angle of 0°, aperture ratio of 0.5 and aspect ratio of 1.5. 245 
 246 
3.2 Side-on wind 247 
The influence of wind speed on the convective heat losses through the aperture for the side-on 248 
direction is presented in Figure 3 for several types of wall temperature distribution. The ‘front 249 
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section hotter’ case has the highest convective heat loss for most of the cases, similar to the 250 
head-on wind cases. However, the ‘rear section hotter’ cases feature the lowest convective heat 251 
loss, which is different from the head-on wind cases. This can be attributed to the fact that the 252 
relatively cold wind does not penetrate as far into the cavity for the transverse direction as for 253 
the head-on direction. This deduction is reasonable for this configuration in which the cavity 254 
has an aspect ratio of 1.5 and an aperture ratio of 0.5 so that the distance between the aperture 255 
and the back section is 3 times that of the aperture diameter. Hence the ‘rear section hotter’ 256 
case is likely to have the lowest heat loss for those configurations in which a relatively 257 
quiescent zone is established at the rear of the chamber. 258 
Figure 4 presents the same data as Figure 3, except that convective heat losses is normalised 259 
by the reference case of uniform wall temperature. This highlights the importance of wind 260 
speed on the effect of temperature distribution on the normalised convective heat loss. The 261 
‘rear section hotter’ case has ~40% less convective heat losses than does the distribution with 262 
the highest convective loss for all wind speeds assessed here.  263 
Figure 4 also shows that the convective heat losses, which occur in the low wind speed range 264 
(0< 𝑉 < 6 𝑚/𝑠, 0 < 𝑅𝑖 < 19) are less than the natural convection. This trend can be attributed 265 
to the generation by a side-on wind of a natural “aerodynamic seal” or “air curtain”, which 266 
helps to mitigate the heat loss from the cavity. However, for 𝑉 > 6 m/s, the momentum of the 267 
transverse flow becomes so strong that it drives a mixing process between the cold wind and 268 
hot air inside the cavity that dominates of the“air curtain”. Therefore, the convective heat loss 269 
increases strongly with the wind speed, for 𝑉 >  6𝑚/𝑠. 270 
  271 
Figure 3 Dependence of the heat losses through the aperture on wind speed for a series of wall temperature 272 
distributions. Conditions: tilt angle of 15°, yaw angle of 90°, aperture ratio of 0.5 and aspect ratio of 1.5. 273 
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Figure 4 Dependence of the normalised heat losses through the aperture on wind speed for a series of wall temperature 275 
distributions. Conditions: tilt angle of 15°, yaw angle of 90°, aperture ratio of 0.5 and aspect ratio of 1.5. 276 
  277 
3.3 Upward facing cavity  278 
The influence of wind speed on the convective heat losses through the aperture of an upward 279 
facing heated cavity is presented in Figure 5 for three different wall temperature distribution. 280 
The convective heat loss through the aperture increases non-linearly with the wind speed, and 281 
the case with the hotter surface near to the aperture has the highest heat losses through the 282 
aperture, which is consistent with the other cases. The heat losses through the aperture for the 283 
‘near aperture hotter’ cases are approximately 150W higher than the ‘back wall hotter’ cases 284 
for all tested wind conditions. It is noteworthy that the wind speed has a particularly strong 285 
influence for the upward facing cavity. The convective power losses increase by approximately 286 
50% when the wind speed is increased from 0 to 3 m/s (𝑅𝑖 from 0 to 4.8). For the high wind 287 
speed condition (𝑅𝑖 > 43, 𝑉 > 9𝑚/𝑠), the heat losses are ~ 5 times greater than the natural 288 
convection cases. The upward facing solar cavity receiver is also likely to place closer to the 289 
ground than the tower mounted case, where it is less windy than the downward facing cavity, 290 
which will further reduce the convective heat loss. In addition, the influence of wind is likely 291 
to be easier to mitigate by shielding for an upward facing cavity than a tilted one, since the 292 
wind direction is always normal to the cavity axis for the vertical orientation but varies in three 293 
dimensions for the tilted case. 294 
In contrast to Figure 3 in which the side-on wind was found to initially decrease convective 295 
losses for the tilted receiver, this reduction does not occur for the vertical orientation although 296 
the wind direction is also perpendicular to the aperture. This is consistent with the vertical 297 
orientation avoiding the strong adverse mechanism of the near horizontal orientations in which 298 
natural convection establishes a strong recirculation through the aperture. 299 




























Figure 6 presents for the vertical orientation the convective heat losses for the three temperature 300 
distributions normalised by the case with the uniform wall temperature. The shape of the 301 
temperature distribution can be seen to change the total convective heat losses by up to ~ 60%, 302 
which is more significant than the tilted cases. However, the impact of the shape of the 303 
temperature distribution decreases with an increase in wind speed to less than 20% for high 304 
wind speed condition (𝑅𝑖 > 43, 𝑉 > 9 𝑚/𝑠). The total convective heat losses converge with 305 
an increase in wind speed to a value that approaches the uniform temperature distribution case. 306 
This gives further evidence that both the orientation and temperature distribution become 307 
unimportant at sufficiently high wind speeds aligned normal to the cavity axis. 308 
  309 
Figure 5 Dependence of the heat losses and normalised heat loss wind speed through the aperture on wind speed for a 310 
series of wall temperature distributions. Conditions: tilt angle of -90°, yaw angle of 0°, aperture ratio of 0.5 and aspect 311 
ratio of 1.5. 312 
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Figure 6 Dependence of the normalised heat losses through the aperture on wind speed for a series of wall temperature 314 
distributions. Conditions: tilt angle of -90°, yaw angle of 0°, aperture ratio of 0.5 and aspect ratio of 1.5. 315 
 316 
3.4 Temperature and tilt angle 317 
The combined effects of temperature and tilt angle of a heated cavity on convective heat losses 318 
through the aperture of a heated cavity are present in Figure 7, incorporating both the beam up 319 
(𝜑 = 90°) and beam down (𝜑 = −90°) cases. It can be seen that the beam-up has the lowest 320 
convection losses as expected, being only 30-40% that of the beam-down. Also the heat loss 321 
through the aperture increase non-linearly with temperature. This effect, which is observed fir 322 
all of the tested tilt angles cases, appears to be related to the influence of radiation heat loss, 323 
which has a fourth order dependence on temperature. Worth noting is that the heat loss from 324 
the aperture has a complex dependence on tilt angle. The heat losses from the 15° tilted cavity 325 
are higher than both the 90°and -90° cases. This indicates that there is at least one tilt angle 326 
which will have the highest convective heat loss, although further work in required to determine 327 
this. However, this angle is likely to also depend on the cavity dimensions. That is, the heat 328 
loss from the 𝜑 = −90° case may not necessarily be less than the 15° for all geometries, but is 329 
expected to depend on the geometry of the cavity, such as aspect ratio and aperture ratio (Bilgen 330 
& Oztop 2005). However, the trend is independent temperature , because the same trend can 331 
be observed in Figure 7a for all tested temperatures.  332 
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Figure 7 Dependence of the heat losses through the aperture of a heated cavity on temperature and tilt angle. 335 
Conditions: no wind, aperture ratio of 0.5 and aspect ratio of 1.5. 336 
 337 
The effect of wind speed on normalised heat losses by natural convection for the beam-down 338 




𝜑 =   90° (Beam-up) 
𝜑 =   15° (Tilted downward) 




convection of the ‘beam-down’ was chosen to be the reference case because it has the lowest 340 
heat losses. The figure shows that the ‘downward tilted cavity with side-on wind’ case has a 341 
very similar trend with the ‘beam-down’ case for wind speed 𝑅𝑖 >  4.8. This is because, for 342 
both cases, the air/ wind flows parallel to the aperture plane. Therefore the flow pattern is 343 
expected to be similar for all wind speeds. For these 2 conditions, the increase in heat losses at 344 
high wind speed (𝑅𝑖 <  43) is up to 4.5 times the value of the natural convection of the ‘beam-345 
down’ case. However, the influence of wind speed on heat losses through the aperture is very 346 
high for the head-on wind speed cases, to reach up to 12 times that of the reference case. This 347 
highlights the potential benefits of being able to mitigate convective heat loss from for head-348 
on wind directions.  349 
 350 
Figure 8 Dependence of the normalised heat losses by natural convection of the ‘beam-down’ case on wind speed for a 351 
series of tilt and yaw angles. Conditions: aperture ratio of 0.5 and aspect ratio of 1.5. 352 
The dependence of the inverse of Richardson number on the Nusselt number is presented in 353 
Figure 9 for three orientation. It can be seen that the data all collapse very wall for the head-on 354 
case and quite well for the beam-up case, but is much more complex for the side-on orientation. 355 
A strong local minimum in the heat losses at 1/𝑅𝑖~5 is clearly observed for of the side-on 356 
direction and a very weak minimum is present for a few cases in the head-on direction. This 357 
shows that a low velocity cross-flow can inhibit the buoyancy-driven transport of gas through 358 
the aperture when the cavity is tilted slightly downward. However, for an upward facing cavity, 359 
there is no stagnant zone so that a slight wind does not inhibit buoyancy for this case. Worth 360 
noting is that the heat losses from the head-on wind speed case does not vary much between 361 
the first 2 data points. Insufficient data are available to identify whether or not a local minimum 362 
or maximum is present between 0 < 𝑅𝑖 <  5. In addition, it is also noted that, for high wind 363 
speed the heat losses from the head-on cases are about 4 times larger than the side-on cases, 364 
agreeing with our earlier study (Lee et al. 2018a). The data also suggests that there may be a 365 
1/𝑅𝑖 
Head-on (𝛼 = 0°, 𝜑 = 15°) 
Side-on (𝛼 = 90°, 𝜑 = 15°) 
Beam-down (𝛼 = 𝑁/𝐴, 𝜑 = −90°) 
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local minimum at 1/𝑅𝑖~1.25 for the head-on cases. Figure 9a also shows that, Nu has near 366 
linear dependency relationship with 1/𝑅𝑖  for 1/𝑅𝑖 > 10 for the head-on case, hence this 367 
behaviour is also expected 1/𝑅𝑖 > 40 for the side-on cases. 368 
 369 
Figure 9 Dependence of the Nusselt number of a heated cavity on the inverse of Richardson number for a series of 370 
wall temperature distributions. Conditions: aperture ratio of 0.5, aspect ratio of 1.5, a) head-on (𝜶 = 𝟎° and 𝝋 =371 
𝟏𝟓°), b) side-on (𝜶 = 𝟗𝟎° and 𝝋 = 𝟏𝟓°) and c) beam-down (𝜶 = 𝑵/𝑨 and 𝝋 = −𝟗𝟎°). 372 
4 Conclusions 373 
The dependence of convective heat loss on wind speed, yaw angle, tilt angle and temperature 374 
distribution from a cavity receiver of various geometrical parameters were investigated 375 
experimentally in this study. Results point to a complex and joint relationship between the heat 376 
loss and the various operating parameters. It is found that there is no heat flux profile that 377 
exhibits the best or worst convective heat flux for all orientation. In general, the heat losses 378 
from a downward tilted solar cavity receiver (𝜑 = 15°) tend to be minimised with the upper or 379 
rear surface to be hottest. This outcome should be further investigated with the solar optical 380 
system. 381 
The convective losses are lowest for the beam-up orientation as expected, but the downward 382 
tilted solar cavity receiver (𝜑 = 15°)  has greater losses than the beam down, even at zero 383 
wind, which contradicts the expectation from the literature. The main reason for this difference 384 
is that the wind direction is always normal to the cavity for the beam-up and beam-down 385 
orientations, which is the orientation with the lowest convective losses. These configurations 386 
avoid the wind flowing directly into the cavity, which has the greatest connective losses. 387 
Furthermore, at high wind speeds, with corresponds to high inverse Richardson number, the 388 
heat transfer is momentum dominated, so that the heat losses are controlled by orientation 389 






Finally, the heat loss from a beam down cavity receiver has a nearly linear dependence on 1/𝑅𝑖 391 
throughout the range. This linear dependence shows that natural convection is not significant 392 
anywhere. For the downward tilted orientation, the relationship becomes linear for higher wind 393 
speed, where momentum dominates over natural convection. The study also suggested that 394 
there may be a local minimum of heat loss at 1/𝑅𝑖~1.25 for the head-on cases. However, this 395 
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Figure S1 Schematic diagram of a) the heated cavity in the Thebarton wind tunnel and b) the dimensions of the receiver.  407 
 408 
 409 






Figure S2 Schematic diagram of the simplified configuration of the internal copper wall surface of the heated cavity 414 
(shown unrolled view). The thermocouples are shown as small circles. Please notice that, for the cavity facing upward 415 
cases (tilt angle = -90°), upper heaters are the downstream heaters and lower heaters are the upstream heaters. 416 
 417 
Table 3 List of instrumentation/ uncertainty term 418 
Instrumentation/ uncertainty term Accuracy/ uncertainty 
K-type thermocouple ±2.2°𝐶 / ±0.7% 
Datataker DT85 ±0.01% 
Arduino with DMX output ±0.2% 
Lighting system power controllers ±1.5% 
Steady state temperature ±0.5°𝐶 / ±0.2% 
Steady state power ±0.5% 
 419 
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